To determine the real cost of CO2 emission abatement in the transport sector is difficult because this sector is characterised by many market inefficiencies. There are important negative externalities that are addressed by inefficient instruments like fuel taxes. First a transport model is used to estimate the effect on transport flows of a better internalisation of the other externalities like congestion, accidents and the emission of non greenhouse gasses by switching from fuel taxes to road pricing. Technological progress will make this switch feasible. Next the new transport flows are used as inputs in a partial equilibrium model for the energy sector to estimate more correctly the cost effective contribution of the transport sector in the national CO2 reduction required. It is shown that, under these conditions, the potential for cost effective CO2 reductions in the transport sector is very limited.
INTRODUCTION
The transport sector is responsible for an important share of fossil energy consumption and of the CO 2 emissions. In Belgium, the transport sector was responsible for 20% of the CO 2 emissions in 1990. In most other Western countries, this share is even higher. All Western countries have subscribed international agreements to limit their CO 2 emissions the coming decades. Generally, three types of arguments are advanced to expect important CO 2 reduction efforts in the transport sector. The first argument is the simplest. As the emissions in the transport sector are growing more rapidly than in other sectors, this sector is first priority in emission reduction. This argument seems intuitively appealing but is logically incorrect, because in principle there is no relation between the growth of emissions in a sector and the costs of emission reduction in that sector. It is only in the limit, when all emissions are concentrated in the transport sector that this argument holds. The allocation of emission reduction efforts over sectors should be guided by the lowest marginal costs of emission reduction and this can be any sector, even a sector where emissions decrease. The second argument is more complex. The transport sector is a sector that generates many different negative external effects : road traffic generates air pollution, congestion, accidents, noise etc.. Any measure that curbs road traffic will therefore have important secondary benefits for the other negative externalities. This argument makes sense if it is stated correctly. It is only to the extent that the marginal external costs (other than CO 2 ) are larger than the existing taxes on road use that a reduction of road traffic (and of the corresponding CO 2 emissions) comes at zero cost. So the presence of important other negative externalities calls for other policies that could have a side benefit in terms of CO 2 reduction. No specific CO 2 reduction policies are required. The third argument states that car owners forego cost-effective opportunities to save motorfuel by not buying the most fuel efficient cars. Forcing households to use these opportunities would be beneficial to them and would reduce CO 2 emissions. This argument is not correct. It is possible that consumers forego energy saving opportunities but these opportunities are computed at the consumers' price of fuel. The consumer price of motorfuel consists in Western Europe for 70% of taxes. Therefore cost-effective energy savings for the household are generally not beneficial for society as a whole. In this article we try to compute the CO 2 reduction potential in the transport sector by combining two complementary modelling approaches. In the first approach we make use of a specific model for the transport sector (TRENEN). This model represents all the different transport modes and the most important externalities explicitly. We use the model to compute a more correct allocation of transport volumes over modes. This is used as an input to a partial equilibrium model of the energy sector (MARKAL). This model is used to assess the potential for cost-effective CO 2 reductions in the transport sector, taking into account the corrected volumes of transportation and the cost of CO 2 reduction in other sectors. The transport model and the derivation of optimal transport volumes are discussed in section 2. In section 3 we discuss the opportunities for fuel efficiency improvements in existing car technologies. In section 4 we use the energy model to look for CO 2 emission reduction possibilities. In section 5 we conclude.
THE EFFECT OF OPTIMAL TRANSPORT POLICIES TO ADDRESS THE NON-CO 2 EXTERNALITIES The Modelling Approach
The TRENEN model 55 is a static partial equilibrium model for the transport market. We use this model to compute "optimal" volumes of transport. The basic intuition of the model can best be understood using a graph where only one transport market is represented. In Figure 1 we represent the market "using a small gasoline car in the peak period to move from city X to city Z". We use as cost and price concept the generalised cost : it is the money cost plus the subjective value of transport time. This concept is used commonly in transport economics and has the advantage that it allows to represent congestion costs easily. Line r + at represents the marginal resource costs of using a car (car maintenance, fuel net of tax, etc.) plus the costs of time to make the trip from X to Z if there is no congestion. On the horizontal axis we measure the volume of small gasoline car traffic in the peak. When the volume of traffic increases and the infrastructure is fixed, the average time needed to make the trip from city X to Z increases because average speed decreases. The private generalised cost before tax is then given by the curve r + at'. Next we add taxes so that the private cost of car use is given by the curve r+at'+tax. To find the equilibrium level of traffic on the road we have to confront the private cost with the demand curve DD'. This demand curve is defined for given income levels and given generalised costs of all the other modes of transport. The equilibrium level of traffic observed is X A where the marginal willingness to pay equals the private generalised cost. We see that more congestion (steeper at' line) deters traffic via the increase in generalised costs. Next we add marginal external costs. The most important marginal external cost in the peak period is congestion. The marginal external congestion cost is the total value of time lost by 55 TRENEN is a model developed by a consortium co-ordinated by Stef Proost for the EU-JOULE II programma,, see De Borger, Ochelen, Proost, Swysen, (1997). all other drivers when one vehicle is added to the traffic flow. The time lost is proportional to the decrease in average speed experienced. Every driver takes into account his own loss of time but not the loss to the others. When the marginal external cost mt' is added to the resource cost and the average time cost , we obtain the marginal social cost of using a small gasoline car in the peak period (r+at'+mt'). The marginal external congestion cost rises steeply when the volume of traffic increases because the time loss per vehicle and the number of vehicles involved both increase. We can add other marginal external costs to this figure but that would not generate extra insights. What is important is that the optimal amount of traffic X B is the volume where the marginal willingness to pay equals the marginal social cost. This volume X B can be to the left or to the right of X A . It will be to the right if taxes are already high compared to the marginal external cost. This can be the case for off-peak car traffic. In order to achieve a more optimal level of traffic for the different modes we need to correct the tax structure and the other instruments (emission regulation of cars) such that the total social value is maximised (area under the demand curve minus the area under the marginal social cost curve). The present equilibrium is characterised by rather blunt and inefficient instruments like fuel taxes that do not discriminate between peak and off peak traffic. Road pricing and better air pollution taxes are important new instruments that will become available in the coming decade. In the TRENEN model the volumes X A and X B of Figure 1 are computed for all the transport markets simultaneously. A model is needed for two reasons. First, all the transport markets are interdependent in two ways: via the generalised time costs and via the demand functions. Consider a reduction in the money price of a bus: holding speeds constant this will attract car users. Fewer car users and more bus users will decrease congestion and this will lower generalised costs of car and bus use etc. A second difficulty is that the new taxation instruments like road pricing will not be perfect so that welfare triangles will have to be traded off on the different transport markets.
The Results
The TRENEN models have been applied for Belgium with as horizon 2005. One of the important inputs are the marginal external costs of the different transport modes. These are given for the reference equilibrium (corresponding to volume X A in figure 1) by table 1. This table contains estimates for marginal external congestion costs, air pollution costs (including VOC, NOx, Particulates and attributing a very small value to CO 2 ), accident costs 56 and noise.
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The estimate contains mainly the increase in costs due to the increase in probability of accidents between cars and pedestrians and cyclists. See Mayeres, Ochelen, Proost (1996) for details on the computation. Table 2 gives the optimal change in the volume of traffic compared to the reference in 2005 when more performant tax instruments like road pricing are introduced. The categories of traffic have been regrouped for use by the energy model. The effect of this optimal transport policy on country wide CO 2 emissions is given in table 2 and equals -0.5%. Change in CO2 emissions in the transport sector -2.5 overall -0.5
The computed new equilibrium values of traffic internalise all non-CO 2 externalities in an optimal way. For some modes of traffic (cars and trucks) there is a decrease of demand that remains limited because there is substitution from peak to off peak periods. For other modes, there is an increase that is due to a substitution away from private transport. Overall, there is a small decrease in demand for transport. The reduction in CO 2 emissions that can be expected from this change in transport policy is very limited. The main reason is that it is not the total volume of transport that is problematic but mainly its unequal distribution over time. This is solved most efficiently by substitution between periods and modes. The small reduction in CO 2 emissions is however obtained for free.
The Substitution of Fuel Taxes by Road Pricing and the Potential of More Fuel Efficient Cars
The reform of taxes in the transport sector will require a substitution of mainly fuel excise taxes by road pricing and other instruments. Fuel pricing is an inefficient instrument to solve transport externalities because it can not discriminate between peak and off-peak travel and because it induces consumers to invest disproportionally in fuel saving. This last argument needs to be elaborated. In a good functioning car market it can be expected that car manufacturers offer cars that minimise total users' cost for given comfort characteristics. This means that they will invest in fuel efficiency up to the point where the additional investment cost equals the discounted savings in motorfuel costs computed at consumer prices including taxes. Disregarding external costs, the level of efficiency is, with present fuel taxes, pushed too far as only the cost of fuel exclusive of taxes can be regarded as a real resource cost saving. If there would be perfect symmetry in the response to an increase and a decrease of the consumer price of fuel we would have to expect that fuel efficiency decreases in reaction to the substitution of fuel taxes by road pricing. There is empirical evidence that the response is asymmetrical and that technological improvements in fuel efficiency will not be lost (Walker and Wirl, 1993) .
In conclusion, when we compute in the next section, the investment costs of more fuel efficient cars we will take into account very high costs for all fuel efficiency improvements that go beyond the normal technological development 57 .
USING THE ENERGY MODEL TO COMPARE CO 2 ABATEMENT COSTS OVER SECTORS The Modelling Approach
The MARKAL model 58 is used here in its partial equilibrium version rather than in its costminimising version with fixed energy service demand. In the MARKAL model all demand and supply processes of energy products are represented. All supply processes (e.g. power plant or oil refinery) are represented via a description of possible technologies with their conversion efficiency, variable costs and investment costs. Every final demand process (e.g. a car) is represented by the possible technologies with conversion efficiency, variable costs, investment costs and a fixed or price-dependent energy services level (say vehicle kilometers). CO 2 -emissions are associated to all fossil energy uses. When the MARKAL model is used with fixed energy service levels, the cost-efficient reduction levels of CO 2 can be derived by solving the following mathematical program (we only give the static version for the model):
x y ij ij , ≥ 0 (5) where i is the index of intermediate energy conversion technologies, j stands for the alternative final demand technologies, k stands for the energy services and η stands for a conversion efficiency. x variables represent energy import or transformation activities (say electricity generation), the y variables stand for final energy transformation activities ( say home heating). Constraint (2) makes sure that enough energy is delivered by the energy sectors to satisfy the final energy demand. Constraint (3) guarantees the satisfaction of the exogenous energy service levels by the different final energy technologies. Constraint (4) limits total CO 2 - emissions (E) of the national energy system, e represents an emission coefficient. The objective function (1) represents all import, conversion and production costs in the national energy system including the final energy services. The costs include variable (c) and investment costs (C). For pollutants like CO 2 for which there exist no pure abatement activities, it is important to foresee in the possibility of a reduction in the energy service levels themselves. This requires a model formulation where the level of energy services (d k ) is itself variable. The cost of reducing the level of energy service is then given by the loss of consumer and producer surplus on the energy market. The more complete model consists of equations (1) to (5) where the objective function (1) is replaced by (6) and where d k has become an endogenous variable.
( )
Decreasing the total allowed emissions E will work through via a change to more CO 2 -efficient conversion or final energy technologies. As these technologies are also more costly there will also be a simultaneous reduction in energy service levels in a market economy (accepting lower in house temperatures, reduced mileage etc.). The energy model does not explicitly deal with other externalities and we know that these can be important in the transport sector. We solve this problem by first correcting the levels of transport services in the reference equilibrium of the energy model, with the results from the 'transport model'. This is an ad hoc procedure that is dictated by the modelling tools available. We can check under what conditions this approach is correct. When we add the other external costs OE(d k , y jk ) associated to some end uses like transport d k and some particular technologies to satisfy them y jk and the optimal taxes TT(d k , y jk ) to correct these other externalities (say road pricing), then the formulation (6) we can verify under which conditions this procedure is correct.
For (7) to generate the same solution as objective function (6), it is clear that strong assumptions are required. For the two last terms to vanish, we need that the marginal taxes should always equal the marginal external costs. This requires that the other marginal external costs can be considered as more or less constant in the range of energy service levels d k considered in the CO 2 emission reduction exercise. This assumption can also be understood as "perfect correction of the externalities on other markets (here the transport market)". When this is the case we know we can rely on a partial equilibrium approach (here of the energy market) for a cost benefit analysis.
The Model Assumptions
The MARKAL model covers all sectors of energy use. We will however concentrate on the the transport sector representation in the model
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. The transport sector in Markal is divided in passenger and freight transport. Passenger transport is subdivided by mode (car, bus, rail). The category "passenger transport by car" is further split into short distance and long distance travel. Freight transport is subdivided into transport by trucks, rail and inland waterways. Each demand category can be served by a number of different technologies (e.g. the demand for car transport can be satisfied by gasoline fuelled cars, diesel fuelled cars, hydrogen fuelled cars, etc.). The technologies are characterised by the following parameters : investment cost, operating cost, fuel-type, delivery cost of the fuel, efficiency, year of availability, penetration 59 The model description for other sectors can be found in Proost et al. (1995) rate and eventually maximum market potential. Emission abatement technologies (e.g. catalysts) to comply with environmental regulations have been included. The prices of the fuels in Markal are considered without taxes and excises so as to reflect the real resource cost to society. This has been a source of misunderstandings. Certain transport activities need to be discouraged by high taxes because of the high congestion and accident externalities they generate (cfr. Table 1) . It is the transport activity that is to be taxed not the fuel use as such. In our model application we have followed a two stage approach where we have first corrected the transport flows for these other externalities and use the corrected flows as starting values for the energy analysis. The fact that, up to now, mainly high fuel taxes have been used as externality tax leads to an inefficient incentive to substitute highly taxed gasoline by non taxed fuels like natural gas, ethanol, methanol and electricity. In this cost-efficiency exercise we avoid this error by using prices of fuels net of taxes. The model is implemented for the period 1990-2030 with 5 years intervals. In the reference scenario demand for transport rises between 2 and 3% per year 
Major Technologies considered in the Transport Sector
As passenger transport by car and freight transport by truck are the major uses of fossil energy we only discuss the technological assumptions for these two categories.
Passenger Transport by Car
The 1990 "average" gasoline car is used as reference, considering an average yearly mobility demand per car of 15000 km for the "short distance" category. Ten types of cars are modelled : gasoline car, diesel car, LPG car, CNG car, hydrogen combustion car, hydrogen fuel cell car, electric city car, electric battery module car, ethanol cars, methanol cars. Table 3 shows the main parameters for each technology. Gasoline and LPG cars are equipped with three-way catalyst from 2000 onwards, as prescribed by EU-regulations. We used the static TRENEN model to correct the flows of transport for other externalities than CO2. The TRENEN computation has only been done for 2005. We assume that identical correction factors can be used for the rest of the model horizon used in MARKAL.
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Considering cross-price elasticities makes the model more difficult to solve. The most important substitutions between modes have been introduced as an outcome of the transport model. An own (energy and equipment) price elasticity of transport of -0.5 is acceptable given the elasticities reported in the transport literature (see Oum et al. (1992)) For well established technologies like the gasoline and the diesel cars, investment cost is projected to remain constant at its 1990 level. The same is true for cars running on new fuels, like ethanol and methanol, which do not require drastic changes to engine technology. They are expected to be available by the year 2000 at a slightly higher price than the traditional technologies because the corrosiveness of ethanol and methanol imposes the use of more costly materials for the fuel tank and fuel lines. Hydrogen combustion cars have still higher prices, because the fuel tanks have to be constructed from high cost composite materials to be able to withstand the high pressure (some 650 bar) under which the hydrogen is stored. For technologies requiring changes in the engine technology, the investment costs are expected to decrease with time. For electrically powered vehicles, with changeable battery or fixed battery, this would be mainly due to improvements in battery technology, both for the classic lead battery and for the new types of batteries (ZnBr -or NaS) which are undergoing further development and entering the stage of mass production. The most substantial reductions in investment cost are expected in the fuel cell powered car. Fuel cell powered cars are a very novel technology and are expected to enter the market somewhere around 2005, at relatively high prices. Learning effects in the production of fuel cells will reduce investment cost to a level more comparable with the other technologies towards the end of the model horizon. With the exception of the electric city car, the electric battery module car and the hydrogen fuel cell car, the same technologies are considered for long distance travel. The "average" distance travel for this category is 22500 km, an increase of 50% compared to the short distance category.
Freight transport by trucks
For trucks, the major technological developments are summarised in Table 4 . Diesel, ethanol and methanol trucks have the same investment cost. The methanol/diesel trucks require however additional investment, because in order to work properly, the methanol has to be dissociated into CO and H2 through a catalytic reaction at a temperature of 300°C. The cost of the catalyser/heating unit and the cost of an extra fuel tank explain the higher investment cost of methanol/diesel trucks. The investment cost of a CNG truck is higher because of the ignition system that has to be built in, the cost of the CNG-tank and the loss of useful cargo capacity. The investment cost of a hydrogen truck is still higher because the hydrogen is stored in high pressure cylinders. The loss of cargo capacity is comparable to the CNG truck. Since all the technologies considered in the truck transport category are based on a normal combustion engine, the investment costs are assumed to remain constant over the entire horizon.
The Model Results

CO 2 emissions and technological options without CO 2 emission reduction constraints
The traditional transport technologies remain the dominant technologies in all transport demand categories in the reference scenario where no CO 2 emission constraint is imposed. Because no taxes or excises on fuels are taken into account in this exercise, the gasoline car is the 'optimal' choice for short distance travel and up to 2010 also for long distance travel. Because the expected efficiency improvements in diesel car are greater than in gasoline car, diesel car is covering the "long distance" segment of the market at the end of the horizon. The other "new" car technologies modelled in Markal are not penetrating the transport market because their real resource cost is higher.
The contribution of the transport sector to the total reduction of CO 2 emissions in Belgium Different CO 2 emissions scenarios for Belgium are considered. As a basis we use the commitment of the Belgian government to limit total emissions of CO 2 in 2000 to the 1990 level minus 5%. From there on four limits have been imposed (cfr. Figure 3 shows the total welfare losses associated to the different emission reduction scenarios. These differences represent the decrease in consumer's and producer's surplus of acheiving this target without attributing any benefit to the CO 2 emission reduction itself. The loss in welfare remains very limited for the stabilisation and 20% reduction case, but increases when 40 and 60% reductions are imposed. In the analysis we have introduced as starting values optimised transport flows that correct the non-CO2 externalities. This resulted in a reduction in final energy demand of 0.5% and a cost-free reduction in CO 2 emissions of the transport sector by 0.5%. The implementation of the 'optimal' transport policy has only contributed to a very slight decrease of the marginal cost of CO2 reduction because its small impact on the CO2 emissions, compared to the case where no specific transport policy is implemented. Next we can analyse the relative contribution of the transport sector to a cost-effective CO 2 emission reduction policy. Table 5 shows that this contribution is rather small and is nearly completely due to a reduction in the level of transport services. This is more cost-effective than to resort to new car technologies or to increase the fuel efficiency of cars. The contribution of the transport sector will only become significant when emission reductions of more than 50% are required for the energy system as a whole. The first two columns of Table 5 give the share of different sectors in total CO 2 emissions when no emission limit is imposed on the energy system. The next columns give the reduction in CO 2 emissions per sector compared with the reference scenario. Figure 5 gives the changes in transport demand that accompany a cost-efficient CO 2 emission reduction strategy. For the 40% case, the price increases is about 5% in 2030 and in the 60% reduction case is of the order to 10%. Though a large number of transport technologies are available or under development which could contribute to a reduction of the CO 2 emissions, none of these seems to be cost efficient compared to the reduction potential in the rest of the economy.
CONCLUSIONS
In this paper we have examined the potential for cost-effective reductions in CO 2 emissions in the transport sector. There is a small zero cost potential that can be achieved by reducing the transport volumes that cause marginal external costs larger than the transport taxes. This will require more efficient pricing policies for transportation. With the TRENEN models this potential has been estimated at 2.5 % of CO 2 emissions in the transport sector. The more efficient transport pricing policies will require a substitution of fuel taxes by road pricing. This means that an important but unjustified incentive to save fuel in cars will disappear in the future. Because technological developments are not symmetrical this will probably not give rise to less fuel efficient cars in the future. When the cost of emission reductions in the transport sector is compared to other sectors, the cost of emission reduction is higher in the transport sector. It is only when overall emission reductions beyond 40% are imposed on the national energy system that the contribution of the transport sector becomes significant. The major CO 2 emission reductions in the transport sector are than achieved by a reduction in transport demand rather than by a shift to new transport technologies.
